ABSTRACT: Development of isoform-selective histone deacetylase (HDAC) inhibitors is of great biological and medical interest. Among 11 zinc-dependent HDAC isoforms, it is particularly challenging to achieve isoform inhibition selectivity between HDAC1 and HDAC2 due to their very high structural similarities. In this work, by developing and applying a novel de novo reaction-mechanism-based inhibitor design strategy to exploit the reactivity difference, we have discovered the first HDAC2-selective inhibitor, β-hydroxymethyl chalcone. Our bioassay experiments show that this new compound has a unique time-dependent selective inhibition on HDAC2, leading to about 20-fold isoform-selectivity against HDAC1. Furthermore, our ab initio QM/MM molecular dynamics simulations, a stateof-the-art approach to study reactions in biological systems, have elucidated how the β-hydroxymethyl chalcone can achieve the distinct time-dependent inhibition toward HDAC2. I nhibition of histone deacetylases (HDAC) has emerged as a highly promising strategy for the development of new therapeutics against cancer and various other human disorders.
I
nhibition of histone deacetylases (HDAC) has emerged as a highly promising strategy for the development of new therapeutics against cancer and various other human disorders. 1−3 Up to now, many HDAC inhibitors (HDACi) have been designed based on the reactant, intermediate, and product states along the deacetylation reaction (as shown in Figure S1 ) 4−7 and more than a dozen HDACi in advanced clinical testing have been reported to inhibit cell growth and induce terminal differentiation in tumor cells. 8, 9 Although promising, a number of phase I/II trials have shown that the unselective inhibition of HDAC leads to a variety of side effects since HDACs also play essential roles in normal cell functioning. 9, 10 Therefore, it is of great interest and medical importance to develop isoform specific HDAC modulators.
11−13
Among 11 zinc-dependent HDAC isoforms, it is particularly challenging to achieve isoform inhibition selectivity between HDAC1 and HDAC2, since they share a very high sequence similarity (97.8%, see Figure S2 ), have the same conserved residues around the catalytic pocket (see Figure 1) , and the RMSD of two aligned protein crystal structures is only 0.7 Å (see Figure S2 ). As a result, it has been very difficult to develop an HDAC2 selective inhibitor by employing conventional structure-based or ligand-based design approaches. However, recent structural studies 14, 15 indicate that the metal ion located about 7 Å from the Zn 2+ is different (K + in HDAC1 but Ca 2+ in HDAC2), as shown in Figure 1 . Moreover, our previous ab initio quantum mechanics/molecular mechanics (QM/MM) simulations 16 of HDAC8 had demonstrated that this metal ion (K + in HDAC8) has a large influence on the substrate reactivity. Thus, if a designer inhibitor could undergo further reaction after its binding to the catalytic Zn 2+ ion, an isoform selective inhibitor might be achieved since the reactivity of the designed compound could be distinguished between HDAC1 and HDAC2.
Herein, guided by our previously characterized HDAC reaction mechanism, 16 we have developed a de novo reactionmechanism-based inhibitor design strategy, as shown in Figure 2 : first, the intermolecular nucleophilic attack reaction is translated to an intramolecular reaction (namely cyclization) by linking with an allyl group; then the hydroxyl is replaced by an amino based on the bioisosteres theory, leading to the basic skeletons with two substitutional groups R 1 and R 2 . Our working hypothesis is that a desired inhibitor should be stable in solution while it should react intramolecularly after binding to the HDAC active site and thus mimics the enzymatic transition state. To examine how R 1 /R 2 and the enzyme environment would modulate the reactivity of the intramolecular nucleophilic attack reaction, theoretical calculations on several nonenzyme and corresponding enzyme models have been carried out (see Supporting Information for details, Figures S3−S7), and the primary results are summarized in Table S1 . We can see that among all molecules that we calculated the most promising candidates are two designed β-substituted chalcones (as highlighted in red in Figure 2 ). As seen in Table 1 , the calculated reaction barriers indicate that each of them would be stable at the nonenzyme environment, while the intramolecular nucleophilic attack reaction would occur after it binds to the HDAC1/2 active site. Furthermore, either for the β-aminomethyl or β-hydroxymethyl chalcone, its reactivity is higher in HDAC2 than that in HDAC1. Especially for the β-hydroxymethyl chalcone, it would be stable in a nonenzyme environment (∼38 kcal/mol barrier) and undergo further reaction as well as present distinct reactivity in HDAC1/2 (21.2 and 12.1 kcal/mol, respectively).
Since the two designed β-substituted chalcones were most promising based on our calculations, they were synthesized as shown in Figure S8 , and an HDAC inhibitory activity assay was performed. All the HDAC dose−response curves are shown in Figure S9 , and the IC50 values are summarized in Table 2 . We can see that the β-substituted chalcones preferentially inhibit HDAC1 and HDAC2 compared with HDAC3, while MS-275, a promising class-I specific inhibitor in a phase-II clinical trial, shows nearly equal inhibitory activity on HDAC1−3. Moreover, a distinct time-dependent inhibition phenomenon for the β-hydroxymethyl chalcone toward HDAC2 is found. As shown in Table 2 , it is about a 54-fold increase on time-dependent inhibitory activity of HDAC2, while almost no such timedependent inhibition enhancement exists for either HDAC1 or HDAC3. This time-dependent inhibitory effect leads to selective inhibition of HDAC2 against HDAC1 (about 20-fold). In contrast, no distinguishable time-dependent inhibitory phenomenon was observed for either MS-275 or the β-aminomethyl chalcone for HDAC1−3 (see Table 2 ).
Considering the above experimental results, the first intriguing question is how the β-substituted chalcones can achieve a better isoform-selectivity (inhibiting HDAC1/2 not HDAC3) than a phase II clinical class-I specific inhibitor MS-275 (inhibiting HDAC 1/2/3). In comparison, with HDAC1− 2 and HDAC3, which are all class-I HDACs, one known difference in their active sites is that the foot pocket of HDAC3 is smaller than the other two, due to the existence of the Tyr96 in HDAC3 while the corresponding residue in HDAC1/2 is Ser113/118, respectively. 4, 5, 17 Meanwhile, a key structural distinction between the two designed β-substituted chalcones and MS-275 is that the B-ring (ABC ring, refer to Figure 2 ) in two designed β-substituted chalcones is more extended out than that in MS-275. Thus, it would be reasonable to suggest that the observed selective inhibitory effects may also originate from steric hindrance, which had been previously proposed to account for the HDAC inhibition selectivity of the C-ringcontaining biaryl benzamide. 17−20 In order to computationally examine this hypothesis, we have carried out ab initio QM/MM MD simulations for the MS-275-like simple benzamide in HDAC3 as well as the β-hydroxymethyl chalcone in HDAC1/ 2/3. As illustrated in Figure 3 , the simple benzamide can be well accommodated by HDAC3 (Figure 3a) . However, the Tyr96 needs to be rotated out in HDAC3 to accommodate the extended B ring of the β-hydroxymethyl-chalcone (see Figure  3b) , which indicates the steric effect in the binding site. Meanwhile, as shown in Figure 3c and d, due to the larger foot pocket of HDAC1/2, the extended B-ring of β-substituted Figure S9 . β-amchalcone: β-aminomethyl chalcone. β-hm-chalcone: β-hydroxymethyl chalcone.
chalcone can be well accommodated without changing the side chain orientation of Ser113/118. Thus, these computational results further support the steric hindrance hypothesis to account for our observed inhibition selectivity difference between the C-ring-absent MS-275 and the two designed chalcones. The next essential question is the origin of distinct timedependent inhibition phenomenon for the β-hydroxymethyl chalcone toward HDAC2, which leads to a 54-fold increase in inhibitory activity and about 20-fold isoform-selectivity against HDAC1. It should be noted that time dependent inhibitory phenomena had been observed in previous studies of HDAC inhibitors, and three factors contributing to such timedependent binding kinetics have been proposed: 4,5,17,21−32 (A) the ligand exchange, (B) the hydrogen-bond rearrangement, and (C) the local-conformation change. As shown in Figure 4 , all three factors focus on the formation of [E•I] complex, which would take the so-called "target-resident time" to reach the optimal binding modes in the HDAC active site. 21, 22, 33, 34 However, considering these factors alone cannot account for β-hydroxymethyl chalcone's unique selective inhibitory effect on HDAC2: since HDAC1/2 have a highly similar pocket shape and share the same conserved residues around the active site, it would be expected that two β-substituted chalcones yield similar binding kinetics toward either HDAC1 or HDAC2; on the other hand, our bioassay experiments indicated that only the β-hydroxymethyl chalcone demonstrates the distinct and unique slow tight-binding kinetics on HDAC2 but no time-dependent effect for β-aminomethyl chalcone toward either HDAC1 or HDAC2.
Here, we suggest the subsequent dynamic equilibrium of the intramolecular nucleophilic attack reaction (namely the formation of [E•I]′ complex) as another contributing factor (D) to account for the time-dependent inhibition phenomenon, which can be termed as the "tandem reaction timedependent tight-binding kinetics" mechanism (see Figure 4) . On the basis of our ab initio QM/MM simulations, as shown in Figure 5 and Table S1 , the intramolecular nucleophilic attack reactivity of β-hydroxymethyl chalcone in HDAC2 (a reaction barrier of 14.6 kcal/mol) is much higher than that in HDAC1 (with a higher barrier of 21.2 kcal/mol) as well as β-aminomethyl chalcone in either HDAC1 or HDAC2 (with a reaction barrier of 27.7 kcal/mol or 23.7 kcal/mol, respectively). Thus, our observed distinct time-dependent inhibition of β-hydroxymethyl chalcone toward HDAC2 can be attributed to the "tandem reaction time-dependent tightbinding kinetics" mechanism, while such a time-dependent inhibition effect is much smaller for β-hydroxymethyl chalcone in HDAC1, and no time-dependent effect is observed for β-aminomethyl chalcone toward either HDAC1 or HDAC2. As discussed above, the higher reactivity in HDAC2 against that in HDAC1 is mainly due to the presence of Ca 2+ in HDAC2 instead of K + in HDAC1, which increased the charge on the catalytic zinc ion by the remote ES effect. As shown in Figure  S11 , the charge of the zinc ion in HDAC2 is more positive than that in HDAC1 (1.24 vs 0.88), to serve as a stronger Lewis acid to activate the nucleophilic-attack reaction. Meanwhile, the charge of the O1 atom in HDAC2 is more negative (−0.57 vs −0.32) while that of the C5 atom in HDAC2 is more positive (0.68 vs 0.51), leading to the higher intromolecular nucleophilic-attack ability in HDAC2. In addition, the remote ES effect on regulating the reactivity is further confirmed by additional simulations on artificial modes (see Figure S12 ). Furthermore, we have performed 20 ns additional classical MD simulations on the cyclic product state of the β-hydroxymethyl chalcone in HDAC2 (see Figure 5) , which indicate that the final cyclic product state [E•I]′ can be further stabilized through a conformation change. As shown in Figure S13a and S14, the active pocket channel would become narrower due to the formation of the π−π stacking between F155 and F210, which is also inconsistent with the results that several water molecules would gradually leave the pocket during classical MD simulations (see Figure S13b) . As a result, it can lead to unique slow tight-binding kinetics for the β-hydroxymethyl chalcone in HDAC2 but not in HDAC1, and the inhibitory activity and selectivity are increased due to the longer target-resident time in HDAC2.
As we know, the drug efficacy is not only associated with its thermodynamics but also related to the binding kinetics, 32,33,35−37 that is the so-called "drug-target resident time." In recent years, the importance of binding kinetics has been increasingly recognized and appreciated in drug discovery by many groups. 37−40 In our current work, due to the much higher reactivity in HDAC2 with the existence of Ca 2+ , as well as the further local conformation rearrangement to achieve the final tandem reaction equilibrium, the β-hydroxymethyl chalcone shows unique slow tight-binding kinetics and brings a longer drug-target resident time, which leads to a better inhibitory activity and higher selectivity on HDAC2 against the highly similar HDAC1.
In summary, by developing and applying a de novo reactionmechanism-based HDAC inhibitor design strategy, we have discovered a novel HDAC inhibitor, β-hydroxymethyl chalcone, which has a unique time-dependent (∼24 h) selective inhibition on HDAC2 against the other two class-I HDAC enzymes: HDAC1 and HDAC3. To the best of our knowledge, this is the "first" time-dependent HDAC2-selective inhibitor. It should be noted that since the designer β-hydroxymethyl chalcone has very good structural stability and many potential substitute-modification sites on A/B rings, it provides extensive possibilities to further increase its isoform-selectivity and inhibitory activities. Moreover, the present proposed strategy opens an alternative avenue toward the inhibitor design, especially for enzymes with highly similar structures and sequences.
■ EXPERIMENTAL AND COMPUTATIONAL SECTION
The HDAC inhibition activities of chemicals were determined by the popular two-step fluorogenic assay method, 9, 41, 42 and the protocols of the QM/MM MD simulations are similar to our previous study of HDAC. 16, 43, 44 The more experimental and computational details are presented in the Supporting Information.
■ ASSOCIATED CONTENT
* S Supporting Information
Benchmark test on the non-enzyme and corresponding enzyme models, structure determination of the β-aminomethyl and β-hydroxymethyl chalcone, experimental and computational details, references S8−S10, Figures S1−S14, and Table S1 . This material is available free of charge via the Internet at http://pubs.acs.org.
■ AUTHOR INFORMATION
Corresponding Authors *E-mail: yingkai.zhang@nyu.edu. *E-mail: wurb3@mail.sysu.edu.cn.
Notes
The authors declare no competing financial interest.
■ ACKNOWLEDGMENTS
This work was supported by the National Science Foundation of China (21203257 and 21272289). Y.Z. would like to thank the support of National Institute of Health (R01-GM079223, R21-GM097530). We thank the National Supercomputing Center in Shenzhen and Guangzhou for providing the computational resources. We also thank Prof. Y. Cheng at University of North Texas for his helpful suggestions.
